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FOREWORD

The work described in this technical report was performed
by RASA Division of Systems Research Laboratories, Inc., for the
Department of the Navy, Office of Naval Research, Arlington, Vir-
ginia under Contract Number N00014-74-C-0091. The research pro-
gram was undertaken under the technical cognizance of Dr. Robert
E. Whitehead of the Flight Vehicles Technology Division of ONR.
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I. INTRODUCTION

A three-year research program was conducted to investigate
the feasibility and practicality of using controlled vortex
flows to improve the performance characteristics of low aspect
ratio swept wing fighter-type aircraft. In the first year's
effort, the research program was theoretical, and investigated
the feasibility of improving the aerodynamic lift and drag char-
acteristics of a highly loaded lifting surface through the use
of appropriately located line vortices (Reference 1). A simpli-
fied analytical model was developed which included both the near-
field pressure and far-field downwash/upwash, wing-vortex inter-
action effects. On the basis of the simplified model, it was
concluded that vortices generated in the pressure field of a
lifting surface would be more efficient in producing incremental
lift than free vortices. This result stemmed from the observatiaon
that the suction field generated by wing-vortex interaction with
vortices generated in the pressure field was far greater than that

associated with an isolated vortex of the same strength.

As also described in Reference 1, the vortex interaction
effects for the noted vortex gener-ting devices were not always
beneficial at low angles of attack, but when the basic wing be-
gan to stall, the vortex suction lift increased markedly with
further increase in angle of attack. This phenomenon was attri-
buted to the fact that at low angles of attack where unseparated
potential flow exists, the vortex interaction effects were domi-
nated by the induced effects of the vortex. At angles of attack
above stall, the vortex flows are stronger, and the suction
effect begins to dominate. In view of the positive aspects of
the theoretical research, an experimental program was conducted
in the second year in order to verify whether the potential
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benefits predicted by the theoretical model were realizable
and to obtain data which could be used to remove the limita-
tions associated with the vortex model. In this experimental
program, a 1/4-scale model typical of an F-4 wing planform
was tested with various vortex-generating devices such as

snags and strakes either singly or in combination.

The results of the second year's effort (Reference 2)
demonstrated that the maximum lift coefficient of the wing
with the various vortex generating devices could be increased
significantly over that of the basic wing. The most signifi-
cant effect was demonstrated by the addition of a strake at
the wing root. While the vortex generated by the strake did
not have a large lifting effect by itself, it effected a
significant increase in the suction effect of the leading
edge vortex. The addition of a snag farther outboard on the
surface in combination with the strake resulted in a further

beneficial change in the performance characteristics.

In the theoretical aspects of the program, the analysis
of the experimental pressure and flow-visualization data
showed that the simplified wing-vortex interaction model
developed during the first year's effort would be totally
inadequate in representing the observed phenomena, as the
flow field was much more complex than originally assumed.
Thus, although the simplified vortex interaction model was
adequate qualitatively, it did not possess the capability to
predict the effects of multiple vortex interactions and their
effects on the lifting surface.

From the effort that was conducted through the second
year, it was evident that insofar as the experimental aspects
of the phenomena were concerned, an apparent limit had been
reached on the maximum lift coefficient that could be at-
tained by the vortex flow-control devices attached near the
wing root. Thus, further improvements in the performance
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capabilities would need to be achieved by modifying the flow
characteristics over the outboard wing sections. As regards
theoretical aspects, it was evident that a more sophisticated
representation of the flow field would be required to repre-
sent the detailed effects of the interacting multi-vortex
flows adequately. Thus a two-pronged effort was undertaken
in the third year of the program whose objectives were to
(1) experimentally investigate whether changes could be
effected in the lift-curve slope of the lifting surface and
whether the flow on the outboard section of the lifting sur-
face could be stabilized and (2) theoretically represent the
complex flow field over the lifting surface in a more com-
prehensive, yet concise manner. The results of this third
year of effort are the subject of this report.




II. DESCRIPTION OF MODEL AND INSTRUMENTATION

A. Model

The panel model used in the experimental program was
similar in geometry to the F-4 Phantom wing planform, but had
no outboard dihedral. A detailed description of the model
construction is given in Reference 1. A planform sketch of
the basic model with the root strake, listing dimensional
data is shown in Figure 1, while planfrom sketches of the
various types of configurations derived by retrofit vortex
flow generation devices to this planform are shown in Figure 2.
Table I lists a brief description of each of the test configu-
rations and Table II presents a classification of the configu-
rations based on the types of vortex flow devices utilized,

that is, strakes, separators or combinations thereof.

The root strake consisted of a triangular-shaped leading
edge extension. The base of the triangular strake increased
the root chord of the basic planform by 38%, and its leading
edge was swept 75% with respect to the free stream. The
outboard strakes were geometrically similar to the root
strakes and the base chord of the strakes also comprised 38%
of the local coincident chord of the basic wing planform.

As noted in Table I, some configurations were devised in
which the strakes were shifted spanwise or inverted such that
these configurations comprised exceptions to these general
test configuration parameters. None of these configuration
showed any significant results, and only limited data were
obtained for them (see Table III).

In addition to the strakes, the other type of leading
edge vortex flow control device utilized was a leading edge
separator plate. The separators were a flat plate extension
with a sharp leading edge which, in general, extended the




local chord by 5% along the entire leading edge or a fraction
of it. 1In two cases (Configurations 19 and 20) the separators

extended the leading edge by 10 to 15 percent, respectively.

Pressure taps were installed at 220 locations on one

side of the panel model. The locations of the pressure taps
are shown and listed in Reference 1. For the purpose of this
report, the detailed upper surface pressure data were plotted
versus the semispan along constant chordlines. As listed in
Table III, only limited pressure data were obtained for some
of the test configurations for the reasons discussed in
Section III of this report.

B. Instrumentation

Forces and moments on the semispan model were measured
by a six-component, yoke-type balance located beneath the
floor of the test section at the University of Maryland wind
tunnel facility (Reference 3). The balance measurements were

monitored on-line prior to off-line computer processing into
the 1lift, drag, and side force, and the pitch, roll, and
yawing moment coefficients. The forces and moments were re-
solved into a wind-axes coordinate system. The pitching mo~

! ment was taken about an axis which passed through the quarter
chord line of the mean aerodynamic chord, and the rolling and
yawing moments were taken about the wing root. A sketch of
the coordinate system is shown as Figure 3.

The pressure at the 220 pressure taps located on the
semispan model were recorded from pressure transducers housed
in five 48-port scanivalves. Three ports on each scanivalve
monitored the tunnel total, static and tunnel centerline
static pressures. The pressure transducers were calibrated
in the range of 2.5 1b/in2. The pressure measurements were

recorded on punched cards and were converted to coefficient




form, AP/q. as follows:

AP/q = (P

= By jEtscep

s s
where PS is the static pressure at the tunnel centerline, Pn
is the pressure measured at each port and Pt is the tunnel

total pressure.

Flow visualization of the vortex flow was provided by
tufts and the helium-bubble technique (cf. Reference 4).
Although the helium-bubble technique has generally provided
a good qualitative description of the external flow field, it
was not adequate in visualizing the flow next to the wing
surface. Therefore to obtain indication of the flow charac-
teristics over the surface of the wing, tufts were mounted on
the upper surface of the model at each of the pressure tap
locations, and photographs of the surface flow field as de-
picted by the tufts were taken at various angles of attack

for configurations noted in Table III.
C. Performance and Pressure Measurements

The balance system at the University of Maryland Wind

Tunnel has the following accuracy:

Lift +0.5 1b
Drag 0.1 1b
Side Force £0.2 1b
Pitching Moment 0.2 ft-1b
Rolling Moment 0.2 ft-1b
Yawing Moment +0.2 ft-1b

Corrections were applied to the balance measurements
to account for wind tunnel wall and blockage interference
effects according to the following relationships, which were

derived from References 5 and 6.




a = B + 1.57008 CL
= 2
CD CD T3 0.02247 CL
M
CM = CMm + 0.004646 CL

The performance data in this report have been non-dimen-
sionalized with their respective planform area and have been
modified by the "standard" wind tunnel wall and blockage
interference corrections as noted above. Further appropriate

corrections to the data as described in Reference 2 were not
made as the tests were conducted primarily on a comparative
basis of a given configuration versus a reference configuration.

For the pressure measurements, the transducers in each
scanivalve were calibrated against the central manometer
system of the University of Maryland Wind Tunnel. The wind
tunnel total, static and the centerline static pressure were
monitored from three ports in each scanivalve. The normal
sensitivity of the pressure measurement system yielded a
resolution of AP/q = *0.0l. Since the system measures the
steady pressures instantaneously, the mean rms pressures may
not always be measured, particularly for stalled flow.




ITII. WIND TUNNEL TESTS

The model was installed in the wind tunnel such that the
vertical centerline of the wind tunnel passed through the guar-
terchord of the mean aerodynamic chord (see Figure 4). Figure 4
is a photograph showing the installation of a double-strake con-
figuration with a full span separator plate (Conf. 73).

As described in Reference 2, consideration was given to the i
effects of Reynolds number and model asymmetries in the test pro-
gram, and neither of these parameters were found to have any
significant effect on the results. The current tests were con-
ducted at a nominal Reynolds number of 2.5 x lO6 based on the wing
MAC and a nominal dynamic pressure of 12 lbf/ftz. The primary
purpose of the test program conducted under this phase of the
research effort was to try to further enhance the performance
characteristics of the more promising configurations tested
previously. In this approach, variations in this test program
were made primarily to Configuration 3A of Reference 2. These

variations consisted of the inclusion of additional leading edge
strakes and/or in leading edge separator plates so as to improve
the performance characteristics of the lifting surface at lower
angles of attack. In the first part of the test program a series
of configurations were tested to determine their performance
characteristics in comparison to those of Configuration 3A.
Limited pressure data were also obtained for these configurations.
These data were along the 5 and 10 percent chord lines of the mcdel,
and some at the 15 percent chordline. From these initial tests,
the most promising configurations were selected for detailed
pressure surveys over the entire planform of the lifting surface
and for flow visualization studies. A description of the con-
figurations selected for detailed testing is given in Table III
and sketches of the configurations are shown in Figure 2.




IV. DEVELOPMENT OF THE
THEORETICAL PREDICTION TECHNIQUE

In the last decade, the prediction of aerodynamic loads
on lifting surfaces of various shapes by lifting surface
theory has been developed rather extensively (e.g. References
7, 8, and 9). The simplest lifting surface methods for pre-
dicting aerodynamic loads are limited to flows at low angles
of attack (linear methods). In these cases, the lattice
representing the surface (and the wake, if the wake effects
are included) consists of elements which are parallel and
normal to the free-stream velocity. In the nonlinear methods,
this constrained representation is relaxed so as to account
for leading edge and tip vortex systems. Nonlinear lifting
surface methods vary in their formulation principally (1) in
the method of satisfying the no-flow conditions, (2) of ac-
counting for the detailed effects of vortex flows, (3) of
applying separation criteria, and (4) in the aerodynamic

representation of separated flow regions.

The complexity with which the nonlinear prediction of
aerodynamic loads on a lifting surface are formulated can be
based on several considerations. For the application to
swept, low-aspect ratio lifting surfaces being considered
herein, the formulation was governed by two major considera-
tions, namely; (1) the inclusiveness of the pertinent flow
phenomena at high angles of attack, and (2) a directed sim-
plicity for practical use and application. Under these con-
siderations, the analysis for predicting the effect of vortex
flows over the lifting surface that was formulated is an ex-

tension of that developed in References 10 and 11. The

9




formulation differs from most contemporary nonlinear methods
for predicting aerodynamic loads on lifting surfaces (e.gq.
Reference 12) in that it includes the suction effect of the
free vortices and accounts for vortex bursting and lift due
to separated flow. Briefly, the analysis considers the fol-
lowing force components that make up the total 1lift of the
wing: potential flow lift, crossflow lift and suction lift.
In the potential flow regions of the lifting surface, a
doublet-lattice method is utilized for computing the 1lift,
and the no-flow boundary conditions are satisfied over the
mean-cambered plane of the airfoil. 1In the crossflow regions
of the lifting surface where the flow is fully separated, the
lift is computed in terms of the components of the normal
force acting on the crossflow region. Once the vortex loca=
tions, with respect to the lifting surface have been deter-
mined, the spatial distribution of the vortex suction lift

is computed by determining the suction pressure required to
balance the centrifugal force of the swirling vortex flows
and adding those pressures to those suction pressures devel-
oped by the axial flows. The analysis can account for up to
six vortices, each of which can interact with the others and
the wing surface in reaching an equilibrium position in
space. This phase of the analysis obviously involves an
iterative solution in which the primary unknowns are: (1) the
circulation strengths and the spatial positions of the vor-
tices, (2) regions of potential flow and (3) regions of

separated flow.

The wing was modeled by representing the lifting surface
by 100 boxes having ten equally spaced segments both along
the chord and span of the surface. 1In this representation,
regions of potential and separated flow are mutually exclu-
sive, while the vortex suction effect is superposed on each
region. A description of the predictive technique developed
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for each of the three types of lift will be presented in the
following paragraphs. Following this discussion a description
of the manner by which these separate predictive techniques
were combined to yield the total analysis procedure as a

computer program will be given.

(1) Potential Flow Analysis

The potential flow field is assumed to be replaced by
a distribution of doublets of strength

DI X YR = N D (1)

corresponding to the discontinuity in the modified velocity
potential over the appropriate region of the lifting surface.
For convenience, the modified potential ¢ and the modified
coordinate X, Y, Z are related to the coordinates

X, Yy, and z as follows

x = WX; y = W¥:; oz = 0z (2)

and the velocity potential ¢ (excluding the effects of
compressibility) by

¢ (x, Yo z) = uLd (xl Y, 2) (3}

where £ 1is a reference length which is taken as the semispan
of the lifting surface and U 1is the free-stream velocity,
and where the vertical coordinate is included to account for
the effects of camber.

Since ¢ (x, y, 2) is a solution of Laplace's equation

v g = 0 (4)
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it is obvious that ¢ 1is also a solution of Laplace's equation,

that is
v ¢ = 0 (5)

Equation (4) is based on potential flow theory which implies
that the velocity vector V can be expressed by the gradient

of a velocity potential ¢, that is,
v o= V¢ (6)

Equation (4) is obtained by combining the continuity
equation VeV= 0 with Equation (6). Since the doublet
strength D (X, Y, 2) = ¢u - ¢2’ the solution of the prob-
lem consists in the determination of a modified velocity poten-
tial D (X, Y, Z) by solving Equation (5) in conjunction with the
boundary condition on the airfoil which requires flow tangency

over its surface.

The numerical procedure involved in applying this theory
to the lifting surface consists in dividing the surface into
a number of appropriately shaped boxes. While the shape and
the number of these boxes is arbitrary, as will be noted later,
the boxes should be concentrated in regions where three-dimen-
sional flow gradients are large so as to represent the flow

field more adequately in these regions.

The magnitude of the doublet strength D over each box
is assumed to be uniform. The total velocity induced perpen-
dicular to the surface at a box consists of that due to the
vorticity of all other boxes on the surface, the effects of
the concentrated vortices (such as the leading edge vortex,
strake vortex, tip vortex, etc.) and that due to all the
vorticity in the wake starting at the trailing edge or at the
point of separation from the lifting surface. When the flow
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tangency requirements on the surface are satisfied, the problem

of calculating the doublet strengths is reduced to one of solving
a set of N linear equations, where N 1is the number of boxes

on the lifting surface. Specifically, if Amnij is the aero-
dynamic influence coefficient at the center of the box mn due

to the effect of the box 1j and its image, and if anj is the
aerodynamic influence coefficient at the box mn due to the wake
trailer j and its image, then the normal component of velocity
induced at box mn by the doublet distribution over the lifting

surface Dij and by its wake D? is

A B.. #+ EB_. D
3

mn

Ly = i mnij 1ij mnj j (7)

b3

J
. ros '

where Amnij and anj are evaluated by Biot-Savart's law.

When the geometry of the wake (including the concentrated
vortices) is known, anj’ can be evaluated directly. In
general, the strength of the wake Dg is not known explicitly
but is computed simultaneously with the lifting surface loads.
Therefore, Dg can be expressed in terms of unknown Dij of
the lifting surface. For example, the strength the wake elements
starting at the trailing edge can be expressed in terms of Dij
of the trailing edge boxes, by application of Kutta condition
at the trailing edge. Similarly, the Dg of the various seg-
ments of the leading edge vortex may be expressed as the linear
combination of the Dij corresponding to the leading edge
boxes by application of a simplified rollup assumption. Thus
the second term on the right hand side of the Equation (7)

involves the same unknowns (Dij) as the first term.

Where both the strength and geometry of the wake elements
are known at the conclusion of an iteration loop, the second
term on the right hand side of the Equation (7) can be computed
directly.

13




The total free-stream velocity relative to the wing

surface at box mn 1is defined as Umn. Tf B is the
, then the
mn

tangential flow condition requires that the total induced

geometric angle of attack with respect to U

velocity perpendicular to the surface be equal and opposite

. m ( )

where i 1is a unit vector normal to the surface at box mn.
Combining Equations (7) and (8) yields the following relation-

ships:

U sin o =L LA ..Db..+L B _.DS
mn mn i mnij ij j mnj J (9)

Once the solution of the simultaneous Equation (9) is

obtained, the lift at any box is given by

oind D
b (Ko Y. 2) = pUL == (10)

and the total (potential) lift is obtained by summing the
local lift over all the boxes.

(2) Separated Flow Analysis

When the flow field is separated, the lift can no
longer be computed from the doublet lattice potential flow
analysis of (1) above. The criterion used for determining
whether separation has occurred is a comparison of the net
aerodynamic angle of attack (the geometric angle of attack
minus the induced angle of attack) versus an empirically de-
fined angle of attack above which the section is assumed to
be stalled. Specifically, the angle ay is determined at

each control point mn on the wing surface from the
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following relation:

z rBP DP (11)
mn a mn mn p k mnk "k

U sin o_ = U sin o -

where amnis the geometric angle of attack of the wing. The
evaluation as to whether or not separation has occurred is
conducted on a box-by-box basis so that at various geometric
angles of attack, the lifting surface may have different
regions of separated flow. If a control box is determined
to be separated on the basis of this criterion, the lift is
computed from the expression

= . 2l s
ke = €, 1/2 pU° sin o (12)

] where Cc is usually considered in the range of 0.8 to 1.3
depending on the location of the control box with respect to

a free edge.

; (3) Vortex Suction Lift

Suction lift is the component of the lift which results
from the low pressure region within the vortices when they are
in proximity of a lifting surface. When the force-free
positions of vortices are determined, this component of 1lift
_ is superimposed on the potential and separated flow lift com-

; ponents to obtain the total loading distribution over the wing.
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If (ACp) is the suction pressure on the wing surface

in the vicinity of the vortex due to the swirl velocity V¢,
2

: (ac.) (p,-p)/ 1/2 ov2 (13)

P swfrl

Then, based on quasi-cylindrical assumption, it can be easily

shown that
w 2 2
(€ gusr1 Vo Vo (14)
: This is an approximate result obtained from the relation
3
© 2
é P=0p, - I p Vylry) dry (15)
r r
1

by assuming a Rankine vortex swirl velocity distribution for
the isolated vortex and utilizing the method of images to
satisfy the condition of no flow on the mean chordline of
the wing.

The effect of the variation of axial velocity within the
; vortex on the suction pressure peaks must also be determined.
The variation in axial velocity in the core can be determined
by utilizing conservation of mass and the appropriate varia-
tion in core diameter of the vortex. Bernoulli's equation is
7 utilized for this computation. If Py is the pressure on the
; wing surface in the vicinity of vortex (but outside the vortex
core where most of the viscous effects are confined) and Pg

is the static pressure, the following relationship can be

written
P 2 2
Bs - Py _ V2, ,v-v
1/2pvi v, sz (16)

In equation (16) V 1is the axial velocity on the surface of

the wing due to the axial flow in the vortex.
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%3 AC_ = s v 17
pv 1 g - (17)
2°Vw
the following relationship results
2 2 2
v -
e m i T Wy (18)
pv 2 2
V(!) vm

The axial velocity at the center of the Vortex Vc is a func-
tion of the strength of the vortex (I'), core radius of the
vortex (rc), and the relative distance of vortex from the
wing (h). Since T, . and h, in general, vary along the
lengths of the vortex, the axial flow at each segment of the
vortex has to be determined. A simple balance of momentum
due to axial flow and momentum of the vortex with respect to

wing results in the following expression

c ——;;—5——-
c
Here h_ is a constant related to the vortex and has to be
established empirically. A preliminary estimate of h_ indi-
cates it is a function of the angle of attack. Also, for
the present analysis, the point at which the vortex bursts
is dependent on the value of h_. In Equation 19 it is as-
sumed that the radial distribution of axial velocity varies
as e-rz/rcz. Thus, V can be obtained at any point of the

wing surface once Vs is obtained from Equation (19).

The amount of vortex suction achieved (Equation 18) is
very strongly dependent on the axial flow in the core of the
vortex besides the strength of the vortex. The magnitude of
the vortex core axial flow and the subsequent computation of
the suction pressure peaks were found to be very sensitive
to the distance of the vortices from the wing surface.
Therefore, it became necessary to include the thickness and
curvature of the airfoil for the correct determination of

these suction pressure peaks.
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The analysis described above for the computation of
wing loads in the presence of vortices includes some addi-

tional features which are summarized below.

(4) Force-Free Positions of Vortices

For the computation of the correct pressure distribu-
tions over the surface of a wing in the presence of vortices,
it is essential that the force-free positions of the vortices
be determined. In the present analysis, control points are
described along the length of each of the vortices. At each
of these control points the following components of velocities

are predicted:

a. the velocities induced by the distribu-
tion of bound circulation,

b. the self-induced velccities due to
vortex curvature,

c. the free-stream velocity, and

d. the axial velocity in the vortex core.

Since a force-free vortex allows for only the flow
along its axis, the vortex is considered stationary when
this condition is satisfied. It is obvious that since
these above velocity components are dependent upon the
unknowns being solved for, the force-free position of the

vortices must be determined in an iterative manner.

(5) Vortex Bursting

The phenomenon of vortex bursting is included in the
present analysis using a simple criterion that is, a vortex
is assumed to have burst when there is a velocity defect at
the center of the vortex.

With respect to equation (19), a vortex is assumed to
burst when h is greater that h_. This simple criterion
appears to agree reasonably well with the experimental obser-
vation of the leading edge vortex bursting.
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A computer program was written for the analysis
outlined above to predict the pressure distributions and
the total lift developed by the low aspect ratio wing-

strake configuration that was tested in the wind tunnel
at moderate to high angles of attack. Since the analysis
is directed toward the prediction of 1lift at moderate

to high angles of attack, it must consider the mixed
potential-separated and vortex flows over the surface of
the wing. In general, the wing-vortex system represented
by the computer program allows for six vortices over the
surface of the wing, but the program was exercised using
three vortices; that is, the strake vortex, the leading
edge vortex, and the tip vortex. The primary unknowns

in the solution were the circulation strengths at each

of the control points and the force-free positions of

the vortices.

For the predictions that were undertaken, the lift-
ing surface was divided into 100 boxes obtained by parti-
tioning the surface into ten equal percentage fractions
of the chord and span. 1Initially, the magnitude of the
doublet strength at each control point was assumed, as
well as the force-free positions of the vortices. 1In the
procedure, the aerodynamic influence coefficients Amnij
(Equation 7) were computed by using Biot-Savart's law, and
each of the free vortices was represented by a finite
number of segments. The strengths F? of the various free
vortex elements are expressed in terms of the unknowns
Fmni §
free vortices does not introduce any additional unknowns.

at the edges of the wing. Thus, inclusion of the

As the positions of the free vortices are known (either
from initial estimates or from the computation within an
iteration loop), the influence coefficients anj are also
computed using Biot-Savart's law. At each control point

a test is made to determine whether the flow is separated.
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The flow is considered to be separated on the basis of
the relation given in Equation (11). If o in Equation
(11) exceeds the assumed (input) stall angle at any con-
trol point, the box corresponding to that control point
is considered separated and Fij corresponding to that

box is taken to be zero in the set of Equation (7).

The pressure coefficients are then determined at the
separated flow points by using empirically derived cross-

flow force coefficients.

Once the circulation strengths of the doublet
lattice system on the lifting surface (and. hence the cir-
culation strengths of the free vortices) as well as the
force-free positions of the free vortices are determined
from the iterative solution of the equations, the com-
ponent of 1lift due to the suction effect of the free
vortices is superimposed on the potential and separated

flow component of lift.
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V. DISCUSSION OF RESULTS

A. Experimental Performance and Pressure Data

Table IIIsummarizes the data that were obtained for each
of the configurations that were tested. The configurations
listed in the upper half of the table are those which will be
discussed in more detail in this report. Table II lists the
configurations tested by general classifications. From these
classifications the discussion of results will concentrate on
the results obtained with the following configurations: single

strake, double strake, single strake with leading edge separa-

tor plate and a partial leading edge plate.

The experimental research program that will be discussed
herein had a two fold approach (1) to obtain some guantitative
results on the effects of vortex control devices and (2) to 3
gain further insight into the controlling parameters which j

effect positive vortex generation and interaction with a

lifting surface at high angles of attack.

As the experimental program developed, greater emphasis
was placed on the latter purpose as the additional predesigned
configurations for which quantitative data was to be obtained
did not yield positive benefits much greater than those which
had been tested previously (Reference 2). Since the reasons
for this lack of additional benefits were determined early
during the test program, various configuration changes were
quickly constructed from sharp edge flat plates and tested to
evaluate vortex configurations that might provide additional
benefits if they were incorporated with smooth aerodynamic
section profiles. Therefore, much of the quantitative data
that will be presented for these additional configurations
should be evaluated primarily on the basis of the vortex
flow field that was generated and not on the absolute magni=-
tude of the balance forces and pressure distributions.
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(1) Previous Test Results

In order that the reader might fully understand the approach
of choosing the various configurations for test during the present
program, a brief review of some of the pertinent results obtained
during the preceding year will be presented first to provide the
proper background. It is noted that the previously obtained re-

* sults, as well as all the new results presented in this report,

have been non-dimensionalized by the planform area for the configu-

ration for which the data is presented.

During the previous test program conducted under this con-
tract, various wing-strake-snag configurations were tested to
evaluate the effects of vortex flows generated by these modifi-
cations on the performance characteristics of the basic lifting
surface at high angles of attack (Reference 2). Figures 5, 6
and 7 present the lift, drag and pitching moment characteristics
respectively, for the basic low aspect ratio swept lifting surface
that was used as the basic configuration during the research program.

From the results presented in Figures 5 and 6, no unusual
lift-drag characteristics were noted for the basic 6% thick
lifting surface over the angle of attack range for which data
was obtained. As can be seen, a constant lift curve slope
was obtained up to an angle of attack of approximately 15
degrees. At that angle of attack leading edge separation was
initiated and as more of the airfoil stalled with increasing
angle of attack, the slope of the lift curve decreased and
became zero at an angle of attack of approximately 25 degrees
at which a maximum CL of 1.00 was obtained. As the angle of
attack was increased further, the cL decreased and the rate
of increase of the drag with angle of attack decreased as
might be expected (Figure 6). The variation of the pitching
moment about the MAC of the basic lifting surface with angle
of attack, however, (Figure 7) did indicate a somewhat unusual
characteristic. At an angle of attack of approximately 13
degrees, the rate of incrase of the pitching moment
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with angle of attack showed a discontinuity that might not be
expected. As previously noted, at this angle of attack the
flow of the 6% thick swept lifting surface starts to separate
at the leading edge. At an angle of attack of approximately
25 degrees, the rate of increase of the pitching moment is
again approximately that which was measured in the angle of
attack range of 0 to 13 degrees. Analysis of the pressure
data taken over the surface of the wing indicated a reason
for the unusual behavior of the pitching moment with angle

of attack. Figure 8 presents spanwise plots, along constant
chord lines, of the pressures over the basic lifting surface
at an angle of attack of 13.1 degrees. On the basis of these
pressure distributions and flow visualization, it was con-
cluded that a weak leading edge vortex had formed as well as
a small secondary vortex due to the flow separation along the
leading edge. The peaks in the spanwise pressure distribu-
tions trace the path of the vortex across the lifting surface
as shown in the insert. As shown in the sketch, it is esti-
mated that the vortices burst at the 40 to 50% chord location.
This location was chosen because of the radical drop in the
peak pressure along the axis of the vortex. The formation of
this leading edge vortex, although rather large and rather
weak, formed a low pressure region on the leading edge ahead
of the MAC thus creating a nose up pitching moment in opposi-
tion to the nose down pitching generated by the rest of the
lifting surface. It is believed that the incremental nose up
pitching moment generated by the leading edge vortex is the
reason for the discontinuity in the pitching moment curve at

this angle of attack.

At an angle of attack of approximately 22 degrees, the
pressure distributions shown in Figure 9 indicate that the
primary leading edge vortex has moved inboard on the lifting
surface, has become better correlated, but turns into the
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streamwise direction more rapidly and bursts earlier as
indicated on the insert drawing. Because the pressure peaks
due to the vortex are further forward from the MAC than they
were at 13.1 degrees, due to the inward movement of the vortex,
the incremental nose up pitching moment is larger. At an
angle of attack of approximately 28 degrees however, the
pressure distributions presented in Figure 10 indicate that
the leading edge vortex has moved extremely far inboard and
bursts soon after its formation thus minimizing its effects.
It can also be seen from the data presented in Figure 10 that
the entire lifting surface is completely stalled as indicated
by an upper surface pressure coefficient -Cp = 1.00. At
angles of attack higher than 28 degrees the “1ift and pitching
moment are primarily due to separated flow and thus the char-
acteristic trend of the pitching moment with angle of attack

as shown in Figure 7 would be expected.

The addition of a beveled edge highly swept flat plate
strake to the root of the lifting surface radically altered
the performance characteristics of the basic lifting surface
as shown in Figures 11 through 13. It can be seen from the
data presented in Figure 11 that the addition of the strake,
while not effecting any change in the lifting characteristics
of the basic wing below an angle of attack of 15 degrees,
created a flow field that enabled the lifting surface to main-
tain almost a linear lift curve slope up to an angle of attack
of approximately 28 degrees before abruptly stalling. The
maximum CL obtained by this configuration was approximately
45% greater than that of the basic lifting surface.

As would be expected, the drag also increased due to
the increased lift, but not to the extent that might be
expected (Figure 12). Because of this, the turning radius
of an aircraft having the strake attached and operating at
maximum power would be approximately 30% less than the basic

wing configuration. Reference 2 has a fuller discussion of
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this point. The pitching moment characteristics of the wing
strake when compared to that of the basic wing (Figure 13),
showed a similar and also a different characteristic than

that of the basic wing.

As can be seen from the data presented in Figure 13,
the similar characteristic is that at an angle of attack of
approximately 13 degrees there is a discontinuity in the
pitching moment curve. The different characteristic is that
for angles of attack above 13 degrees, the slope of the
pitching moment curve has a different sign for the wing strake
configuration than it had for the basic wing. This trend of
the data indicates that the leading edge vortex tends to domi-
nate the pitching moment above an angle of attack of 13 de-
grees and at an angle of attack of approximately 30 degrees
the pitching moment due to the vortices is approximately one
and one half times the magnitude of that generated by the

rest of the lifting surface.

The pressure distributions measured for this lifting
surface configuration are shown at three angles of attack in
Figures 14 through 16. It is noted that the pressure dis-
tributions measured at 13.1 degrees (Figure 14) are signifi-
cantly different for the wing-strake configuration than they
were for the basic wing. Analysis of the pressure distribu-
tion shows that the leading edge vortex is formed further out
on the span than it was for the basic wing configuration and
had the characteristic of a concentrated vortex instead of a
diffused vortex like that generated by the basic wing. The
strake vortex, while relatively weak at this angle of attack,
is noticeable as it passes over the chord near the wing root.
Since the presence of the strake moved the formation of the
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leading edge vortex outboard, the strake vortex was too far

removed to interact with the leading edge vortex. At an
angle of attack of approximately 20 degrees the initial
formation point of the leading edge vortex has moved in-
board and the strength of the vortex has increased markedly
(Figure 15). Due to the increased strength of the strake
vortex at this angle of attack, its induced effect increases
the angle of attack near the leading edge which is the reason
the leading edge vortex is strengthened and is formed at a more
inboard location. Since the two vortices (strake and leading
edge) are in closer proximity to each other, their mutually
induced effects change the paths of the vortices over the

surface of the lifting surface.

As the angle of attack is increased to that at which the
maximum CL was obtained, the leading edge and strake vortices
continue to be strengthened and to interact more noticeably.
It can be noted from the pressure distributions presented in
Figure 16 for an angle of attack of 26.1 degrees, that the
peak suction pressure of the leading edge vortex is approxi-
mately 50% more than it was at an angle of attack of 20 de-
grees. It can also be seen that the strong interaction of
the strake and leading edge vortices cause the strake vortex
to sweep out the span and under the burst leading edge vortex

as it crosses the chord.

It is apparent from the data presented in Figures 14
through 16 the manner by which the additional 1lift is obtained
and why the pitching moment characteristics of the basic wing
are altered so radically when the leading edge strake is
added at the wing root. The increased lift is obviously due

to the strong suction pressures generated by the vortices and
the increasing nose up pitching moment with angle of attack
is because these suction pressures are generated on the lead-~
ing edge ahead of the MAC. It is also obvious from the
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results that as the angle of attack increases, the leading
edge vortex bursts sooner and more and more of the outboard

section of the lifting surface becomes stalled.

It was hypothesized that if a similar type of vortex
flow pattern could be generated over the outboard sections
of the lifting surface as it had been over the inboard sec-
tions of the lifting surface, then it should be possible to

obtain a higher C. at a given angle of attack and a higher

L
CL maximum. In addition, if such a flow pattern could be
established over the outboard wing sections aft of the lAC,
the large variation in the pitching moment about the MAC

could be minimized.

The experimental investigations conducted this last year
were undertaken to determine if this could be accomplished by
additional vortex generating and control devices. The re-
mainder of the discussions of the experimental investigations
that were conducted will present the results that were obtained
for the various configurations that were tested in an attempt
to generate a more favorable vortex flow pattern over the sur-

face of the wing.

(2) Effect of Configuration Changes on Vortex Flows

As previously mentioned, in order to accomplish as many
configuration changes as possible during a short tunnel test
time and realizing that a primary intent of the program was
to determine how best to generate the types of vortex flows
that would be beneficial, it was decided to make the configu-
ration changes by means of flat plate additions that had
beveled leading edges. While it was realized that such an
approach might cause undue separation over the airfoil surface
and possibly degrade rather than enhance the performance
characteristic, it was believed that as regards vortex flows,
significant information could be obtained concerning the
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effects of planform modification on the generation and inter-
actions of the various vortices over the surface of the wing.
A discussion of the results obtained with the various con-

figurations follows:

(a) Multiple Strake Configurations

Since the root strake generated a favorable interaction
with the leading edge vortex of the basic wing, an attempt to
create similar flow pattern over the outer wing panel by means
of an outboard strake seemed to be a logical approach.
Strakes with the same leading edge sweep as the root strake
were constructed for placement at the 50%, 60% and 68% span
stations. The chordwise dimension of each strake was such
that its relationship to the local wing chord was the same
as the root strake had to the wing root chord. The root
chord or inboard edge of the strake had a partial end plate
that had zero height at the nose (point) and was tangent to
the wing section contour where the strake was attached to

the wing surface.

Figures 17 through 19 present the basic performance
characteristics measured for Configuration 5c¢ which had an
additional strake located at the 68% span station. The re-
sults measured for this configuration are compared with Con-
figuration 3A, the basic wing strake configuration. As can
be seen from the data presented in Figures 17 through 19,
the basic performance characteristics were almost identical
for the two configurations. On the basis of these results
it might be concluded that the outboard strake had no effect
on the aerodynamic flow over the wing surface. Flow vis-
ualization studies of this configuration indicated however
that a concentrated strake type leading edge vortex was formed
as well as a very turbulent diffuse vortex about the inboard
edge (root edge) of the strake. Comparison of the pressure
distribution measured for this configuration at three angles
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of attack (Figures 20 through 22) with those obtained for
Configuration 3A (Figures 14 through 16) indicate that there
are significant differences in the pressure distribution
caused by the outboard strake. For example, at an angle of
attack of 13.1 degrees, it is obvious that the effect of the

vortex flow generated by the outboard strake moved the lead-
ing edge vortex inboard thus weakening it and turning it
into the free stream sooner. The distribution of the suc-
tion pressures generated by the outboard strake vortex is
also very apparent in the data presented in Figure 20 indi-
cating that the outboard strake vortices had both a signifi-
cant induced and suction effect over the outer wing span.
While the additional vortex flows altered the distribution
of loading, the total integrated loading was not altered
except for the pitching moment about the MAC which was
altered slightly due to the inward and thus forward movement

of the leading edge vortex.

As the angle of attack was increased with Configura-
tion 5c, the effect of the outboard strake vortex became less
due to separation and bursting of the vortices and the pres- i
sure distributions were controlled by the root strake and
! ‘ leading edge vortices as they were with Configuration 3A.
The corresponding pressure distributions were therefore
almost identical (Figures 22 and 16) as were the integrated
results.

3 On the basis of the results that were obtained with
Configuration 5c¢ when compared with those obtained with 3A,
it was concluded that:

(1) The slight increase in lift over the wing directly
behind the outboard strake, due to the induced
effects of the two vortices, was nullified by
the loss in lift outboard and inboard of the
strake which was due to induced effects of the

two vortices of opposite rotation.
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(2) The induced flow effects of the outboard strake
vortices moved the leading edge vortex inward
and reduced its strength.

(3) The outboard strake vortex field while generating
additional lift over the outboard sections of the
lifting surface due to suction effects, did not
stabilize the flow in this same region so that a
second leading edge vortex could be formed in the
tip region of the airfoil; and

(4) While the addition of a second strake redistributed
the airfoil loading, the integrated performance

results were not altered.

Inspection of the results obtained for the outboard
strake located at other spanwise stations indicated that they
were essentially the same as those that were presented and

will therefore not be discussed.

(b) Leading Edge Separator Plate

Since, in addition to a minimum sweep angle, the forma-
tion of a leading edge vortex is due to local separation at
the leading edge of the airfoil section, it was thought that
if leading edge separation could be initiated at angles of
attack lower than that at which the normal airfoil section
started to separate, the leading edge vortex would form at
lower angles of attack and would also be stronger. During
the tests reported in Reference 2, the results obtained with
a sharp edge flat plate snag indicated that such a beneficial
flow mechanism might be realized. 1In order to evaluate this
possibility a 5% chord sharp edge flat plate was attached to
the leading edge of Configuration 3A. The performance re-
sults obtained for this configuration (Configuration 6)com-
parei to those of Configuration 3A are presented in Figures
23 through 25. As indicated in Figure 23, additional 1lift

30




was generated in the angle of attack range of 5 to 22 degrees
with the maximum increment of 17% occurring at an angle of
attack of approximately 13 degrees, which is the angle at
which the first beneficial effects of vortex flow was noted

for Configuration 3A. At angles of attack above approximately

25 degrees however, the 1lift generated by Configuration 6 was
less than that developed by 3A. This difference was probably
due to the more extensive separation caused by the sharp edge
plate at high angles of attack.

As might be expected in the angle of attack region,
where additional lift was obtained, additional drag was also |
obtained (Figure 24). The pitching moment characteristics '
of Configuration 6, when compared to those measured for Con-
figuration 3A, (Figure 25), indicate that the center of |
pressure of the vortex suction peaks is further forward at
all angles of attack for Configuration 6 than it was for
Configuration 3A. While an explanation for these significant
changes in the performance characteristics is not apparent
from the performance data, it is believed that one can be
formulated by analyzing the pressure data presented for
Configuration 6 in Figures 26 through 29. The spanwise |
pressure distributions shown in Figure 26 for Configuration 6
at 13.1 degrees angle of attack indicate that the flow field
is dominated by the vortex flows generated by the lifting
surface. In comparing these pressure distributions with
those measured for Configuration 3A (Figure 14), it is
apparent that the leading edge vortex is formed much further
inboard and affects much more of the wing surface than it did
for Configuration 3A at the same angle of attack. It is also
noted that the leading edge vortex traverses the wing planform
and interacts with the strake vortex far differently than it
did with Configuration 3A. It is believed that the basic
reason for this different behavior of the vortex flows 1is
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that the separation caused by the leading edge separator plate
not only initiates the formation of the leading edge vortex
near the juncture of the strake but also angles the vortex
centerline away from the leading edge. 1In addition, since é
the separator plate causes a more extensive leading edge
separation, the forming vortex has characteristics more like

a spiral vortex rather than that of a concentrated line vortex.

Because of the larger size of the leading edge vortex and
the fact that its path has been moved inward, it interacts
very quickly with the strake vortex to form a much larger
single vortex. These three somewhat independent effects;
early formation of the leading edge vortex, the sweeping aft
of the vortex path, and the strong interaction of the leading
edge and strake vortices, not only resulted in a stronger

interaction of the vortices with the wing surface but also

maintained this interaction over a larger portion of the
wing surface than for Configuration 3A thus creating more

suction lift.

As the angle of attack was increased with Configuration 6,
the sweepback of the leading edge vortex became greater thus
allowing it and the strake vortex to interact sooner. While
these effects were beneficial at the lower angles of attack,
they become detrimental at high angles of attack. At an
angle of attack of 26.1 degrees for example, it can be seen
from the pressure distributions (Figure 29), that the two
vortices have combined into a single vortex near the leading
edge of the lifting surface. This strong interaction has
swept the weaker strake vortex under the stronger leading
edge vortex raising it from the lifting surface and weakening
the suction peak that is generated on the wing. In comparing
the pressure distributions in Figure 29 for Configuration 6
with those of Configuration 3A in Figure 16 another detri-
mental aspect of the strong interaction of the leading edge
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and strake vortex can be seen. For Configuration 6, the aft
sweep of the combined vortices due to the strong leading

edge separation caused by the flat plate has resulted in

the lifting surface being completely stalled outboard of the
40-45% span because of the magnitude and direction of the
induced effects of the combined vortices. For Configuration 3A,
however, due to the forward location of the strong leading edge
vortex, which is still independent of the strake vortex, the
induced effect of the leading edge vortex tends to stabilize
the flow over the wing in between the two vortices thus gen-
erating more lift in this area. In addition; because of the
more outboard location and smaller sweepback angle of the
leading edge vortex for Configuration 3A, complete flow
separation over the wing does not occur inboard of the 70% span.

On the basis of the results obtained with a 5% chord
sharp edge leading edge separator plate it was concluded that
at low angles of attack beneficial vortex interaction was
achieved in that the lift generated by the vortex suction
effects was greater than that which was lost due to more of
the wing surface being stalled. At high angles of attack,
however, these same effects were detrimental as the additional
lift obtained from the vortex suction effects was less than
that which was lost due to more of the lifting surface being
fully stalled due to the induced effects of the combined
vortices. It is suggested that a much smaller leading edge
separator plate might initiate the formation of the leading
edge vortex at low angles of attack without generating such
a large leading edge separation area which moves the vortex
aft. If this could be accomplished, it might keep the leading
edge and strake vortices separated at the high angles of at-
tack and thus recover the 1lift lost with the current
configuration.

33




(c) Combined Multiple Strake Leading Edge Separator Plate

In this configuration, the outboard strake of Configu-
ration 5c was combined with the leading edge separator plate

of Configuration 6 except that the separator plate from the

outboard strake to the wing tip was eliminated. The inte-
grated performance results for this configuration (Configu-
ration 9Cl) are presented in Figures 30 through 32. In com-
paring these results with those obtained for 5C (Figures 17
through 19) and those obtained for Configuration 6 (Figures 23
through 25), it can be seen that they correspond more to those
of Configuration 6 than to those of Configuration 5C. 1In
comparing the pressure distribution obtained for Configura-
tion 9Cl1 (Figures 33 through 36) with those obtained for Con-
figuration 6 it is noted that the distributions are nearly

the same except for the suction pressures developed by the
outboard strake, which were less than those developed by the
same outboard strake of Configuration 5C. It 1s believed

that the reduction in these pressure peaks was due to the

flow separation of the separator plate which in turn caused

an earlier separation of the outboard strake vortex.

(d) Extended Partial Leading Edge Separator Plate

The configurations that have been discussed prev.iously
had either local appendages added to the wing leading edge
having two free edges, or had a continuous leading edge ex-
tension with no additional free edges. The last configuration
to be discussed is one that had a lading edge appendage with
only one free edge. This configuration was formulated by
adding a beveled edge flat plate leading edge extension from
the inboard strake to the 50% span station. The outboard
edge of the leading edge extension was swept to the wind-
stream at the same angle as the inboard strake (75 degrees).
Two different leading edge extensions were tested, one with

a 10% chord extension (Configuration 19) and the other with
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a 15% chord extension (Configuration 20). The integrated
performance results for Configuration 19 are presented in
Figures 37 through 39. It can be seen from the data presented
in Figure 37 that, like Configurations 6 and 9Cl (Figures 23
and 30 respectively), with respect to Configuration 33,
additional lift was obtained in the angle of attack range of
approximately 10 to 25 degrees. While some lift was lost near
Cq, maximum, it was not as great with Configuration 19 as it
was with Configuration 6 and 9Cl. As with the other configu-
ration, Configuration 19 had more drag than Configuration 3A
in the angle of attack range over which the additional 1lift
was obtained (Figure 38). The pitching moment characteristics
presented in Figure 39 for Configuration 19 show that a signi-
ficantly higher nose up pitching moment was generated by this
configuration than for either Configurations 6 or 9Cl which
indicates that the chordwise loading distribution was altered
significatly by the partial leading edge separator plate.
While, except for the pitching moment, the performance
characteristics of Configuration 19 were not much different
than they were for Configurations 6 and 9Cl, the manner by
which these characteristics were obtained were significantly
different. Figure 40 presents the pressure distributions
measured for Configuration 19 at an angle of attack of 13.1
degrees. It can be noted from the pressure distributions
presented in Figure 40 that three distinct vortices have been
formed by this planform configuration. The outboard vortex,
formed by the loading discontinuity at the leading edge and
strengthened by the induced effects of the leading edge
vortex, seems to be the strongest of the three vortices.

In comparing these pressure distributions and the paths of

the vortices with those measured for Configuration 6

(Figure 26), it is noted that while the inboard strake and
leading edge vortices combine in a very similar manner, the
paths of the combined vortices over the surface of the wing
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are significantly different. For Configuration 19 the
outboard vortex turns the combined strake-leading edge

vortex in the streamwise direction which causes it to

burst and lose its beneficial suction effect. With Configu-
ration 6, the combined vortex did not turn and burst and

thus the suction effects of the combined vortex were obtained
over more of the lifting surface. The loss in the suction
lift from the combined vortex of Configuration 19 however,

was partially made up by the suction effects of the outboard

vortex.

As the angle of attack of Configuration 19 was increased,
the inboard pair of vortices moved inboard as they mixed more
rapidly and their combined strength increased in much the
same manner as they did for Configuration 6., The outboard
vortex seemed to decrease in strength and burst earlier with
increasing angle of attack (Figures 41 through 43). At an
angle of attack of 26.1 degrees, the pressure distributions
from the root to the 40% span stations are almost identical
for Configurations 19 and 6 (Figures 29 and 43 respectively).
Outboard of the 40% span the pressure distributions are
different. As for Configuration 6 the surface is completely
stalled while Configuration 19 still has the outboard vortex
and only the outboard 30% of the wing span is completely
stalled.

. When the leading edge plate was increased in size from
10% to 15% of the chord (Configuration 20), very similar

pressure distributions were obtained (Figures 44 through 46).

While the pactis of the vortices of Configuration 20 were
nearly identical to those of Configuration 19, the strength
of the outboard vortex seems to be slightly stronger for
Configuration 20, It is also noted that the inboard vortex
pair seemed to separate from the wing earlier for Configura-
tion 20 than they did for Configuration 19, thus decreasing
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the vortex suction lift effects over this area of the wing

surface.

On the basis of what was observed from the results
obtained for this basic configuration, it was concluded
that a vortex formed from a single edge discontinuity of
a lifting surface is stronger and more effective in gener-
ating a beneficial suction effect over the lifting surface
than those that are generated from an attached three-dimen-

sional surface.

As regards Configurations 19 and 20, it is hypothesized
that the lifting characteristic due to vortex suction effects
could be improved: significantly by two basic changes. The
first change that, it is believed, would have a significant
beneficial effect is to replace the partial extended leading
separator plate by an airfoil section having the same plan-
form but contoured to the main wing section. This change
should separate the leading edge and strake vortices so that
they would not interact so strongly and therefore the higher
vortex suction pressures realized by Configuration 3A over
the inboard section could be obtained. In order to accom-
plish this however, the leading edge discontinuity would
have to be moved somewhat outboard so that the outboard
vortex would not force the inboard leading edge towards the
strake vortex thus again enhancing vortex interaction. If
these changes were made it is believed that higher 1lift
would be obtained over the entire angle of attack range due
to the outboard vortex.

While the outboard vortex formed from the leading edge
discontinuity will be beneficial due to its suction efffect,
it will not stabilize the flow over the outboard section of
the lifting surface as its induced effect is such as to
promote stall over the outboard section of the lifting
surface. The top sketch in Figure 47 illustrates the effect
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of the vortex induced velocities over the surface of the wing
for Configurations 19 and 20. The minus sign (-) indicates
the area where the induced effect decreases the angle of at-
tack and the plus sign (+) indicates an increase in the angle
of attack. It can be seen that outboard of the vortex gen-
erated by the discontinuity, the angle of attack is increased
due to the induced effect of the vortex. This induced effect
plus the similar one due to the inboard leading edge vortex
is what increases the lift in the angle of attack range ot

5 to twenty degrees. At high angles of attack however, these
same induced effects tend to reduce the lift generated by

the wing and cause the vortices to separate from the lifting

surface.

The sketch presented at the bottom of Figure 47 pro-
poses a planform configuration that should enhance vortex and
potential 1lift at high angles of attack as well as keeping
the vortices closer to the lifting surface., As indicated on
the sketch, the leading edge and large snag vortices are of
different signs so they should repel each other and not
intertwine as the strake and leading edge vortex do over the

inboard portion of the lifting surface.

In addition, the mutually induced effects of the out-
board vortices should keep them close to the wing surface as
well as keeping the flow in between them as potential flow
up to relatively high angles of attack. As indicated in the
sketch, the inboard edge of the extended snag would be
tapered like a delta wing so that a potential vortex would
be generated instead of the turbulent vortex generated by
the conventional snag having sharp edges.

The vortex pattern over the inboard sections of the
planform should be very similar to that obtained for Configu-
ration 3A. 1If the very favorable interactions obtained
for Configuration 3A over the inboard sections could be
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obtained as well as the expected benefits over the outboard
sections, a significant increase in vortex lift control

should be realizable.




B. Correlation of Predicted and Measured Results

The analysis procedure that was formulated during this
program was utilized to predict the differential pressure
distributions and the total integrated l1lift for the wing-
strake configuration (Configuration 3A) at angles of attack
of 13.1°, 19.4°, and 27.7°.

Comparison of the total measured and predicted 1lift co-
efficient in terms of the angle of attack is shown in Fig-
ure 48. The figure also shows the various components of
lift as predicted by the analysis as well as the experimental
variation of the lift coefficient of the basic quadrilateral
planform. At 13.1 degrees it can be seen that, as might be
expected, the lift is wholly potential and is predicted
accurately by the lattice-doublet potential representation.
At an angle of attack of 27.7 degrees the total predicted
lift again agrees very well with the measured results. Of
the total predicted lift at this angle of attack, approxi-
mately 3/4 of the lift is due to cross-flow, and the other
fourth of the 1lift is due to vortex suction. While the
cross-flow and potential lift have been combined, over 90%
of this lift was that due to separated flow. At an angle of
attack of 19.4 degrees, the crouss-flow and potential flow
components of lift are about equal in magnitude, while the
suction lift is about one-half of either of these components.
It is also noted that the total predicted lift is approxi-
mately 7% less than the measured lift. On the basis of these
and other results obtained in this angle of attack region,
it was concluded that in flow regions in which there is a
large mix of potential, separated and vortex flows, the theory
was not adequately representing the effects of the mutual

interactions. It might be concluded on the basis of the
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results presented in Figure 48, however, that the prediction
technique adequately represents the wing vortex flow field
over the angle of attack range of interest. While, in fact,
the integrated performance values are fairly well predicted,
comparison of the measured and predicted pressure distribu-
tions is a more demanding evaluation and one that tends to
show where the theoretical method is not adequately represent-
ing the wing-vortex flow fields, particularly in the angle of

attack range 15 < a < 23 degrees.

As previously noted, at o = 13.10, the total computed
lift on the airfoil surface agreed very well with the measured
lift. At this angle of attack, the flow is fully attached,
and although the strake, leading edge, and tip vortices are
distinctively formed, their suction effect is insignificant.
As the angle of attack is increased; the vortices become more
concentrated, and their suction effect becomes more predomi-
nant. The vortex geometry predicted by the analysis at
a = 19.4° is shown in Figure 49, and the comparable experi-
mental vortex geometry as depicted by the tuft flow visualiza-
tion is shown in Figure 50. The vortex paths along the
planform as indicated by flow visualization have been super-
posed on the photographs manually for clarity. As can be
seen by comparing the results in Figures 49 and 50, the
predicted paths of the vortices agree fairly well with those

that were indicated from the measurements.

A comparison between the predicted and measured spanwise
differential pressure distributions along several constant
chord lines for Configuration 3A at an angle of attack of 19.4
degrees are shown in Figure 51. Qualitatively, it is seen
that the spanwise variation of the pressures are fairly well
predicted. Although the pressures predicted by the analysis
tend to overpredict the peak pressures near the leading edge,
they are generally slightly less than the measured pressures,
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which results in a slight under-prediction of the total

integrated lift.

The predicted vortex geometry for Configuration 3A at an
angle of attack a = 27.7° is shown in Figure 52, and the
comparable experimental vortex geometry as depicted by tuft
flow visualization is shown in Figure 53. Here again, the
vortex paths along the planform were superposed on the photo-
graphs manually for clarity. As can be seen by comparing the
results in Figures 52 and 53, the predicted paths of the vor-
tices also agree fairly well with those that were indicated
from the flow visualization measurements. Comparisons of the
differential pressures predicted by the analysis and the
measured pressures for several constant chord lines along the
span are shown in Figure 54. At this angle of attack the
pressures predicted by the analysis again tend to overpredict
the peak pressures near the leading edge, while overall the
predicted pressures fall below the measured values. At this
angle of attack, however, the differences tend to compensate
each other, such that the total 1lift is near its measured

value.

Inspection of the pressure distributions presented in
Figures 51 and 54 indicate the following discrepancies be-

tween the predicted and measured values:

1. Over the 20 to 40 percent span near the leading edge,
the predicted pressures are generally less than the
measured values.

2. From the 50 percent chord aft, the predicted pres-
sures are generally less than the measured values.

3. The peak vortex suction pressures are generally
more than the measured values, and

4. The predicted spanwise pressure distributions

indicate abrupt stalling whereas the measured
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distributions indicate a gradual transition into

the stalled portions of the lifting surface.

It is believed that a basic assumption of lifting sur-
face theories, that is also inherent in the present program,
is the reason for the discrepancies noted in 1 through 3
above. As is generally done in lifting surface theories,
the no-flow conditions are satisfied along the mean camber
line of the airfoil. For conventional flows this is probably
a reasonable assumption, but for the type of flows being con-
sidered herein, it is believed that this assumption can seri-
ously limit the prediction capabilities of the analysis.
Because of this assumption, the inclusion of the airfoil
thickness for the prediction of the vortex suction effects
places the vortex flow too close to the airfoil surface,
thus causing the peak pressures to be overpredicted. Over
the 20 to 40 percent span area in the leading edge region,
it is believed that this same assumption limits the predicted
accuracy as the strong curvature effects of the airfoil suc-
tion within this region are neglected. For stations aft of
the 50 percent chord, this same assumption limits the pre-
dicted accuracy because when it is determined that the upper
surface stalls, the analysis also basically assumes that the

lower surface stalls due to the cross-flow analogy.

It is thought that these limitations can be removed by
applying the doublet-lattice lifting surface theory to both
the upper and lower surfaces of the airfoil section contour.
By satisfying the boundary conditions on both the upper and
lower surfaces of the actual airfoil contour, the curvature
effect in the leading edge region would be correctly repre-
sented, thus allowing the leading edge potential pressures
to be predicted more accurately. In the airfoil region be-
hind the 50 percent chord, when the flow separated off the

upper surface, the potential flow over the lower surface
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would be properly represented, thus enhancing the prediction
of twe pressures in the region of separated flow. This
representation of the airfoil would also properly locate the
attached vortex flows with respect to the surface of the
airfoil, thus improving the prediction of the peak vortex
pressures. In this regard it is believed that the inclusion
of the radial flow component in the representation of the
vortex flows, neglected in the present analysis, will also
enhance the prediction of the distribution of vortex suction
pressures over the surface of the wing, particularly in the

leading edge region.

As regards the prediction of abrupt stalling of the
lifting surface, it is believed that a finer grid of surface
boxes in association with an improved three-dimensional stall
criteria will result in a more gradual stall being predicted
as indicated by the experimental results. In the present
analysis, the wing surface was arbitrarily divided into 100
surface boxes along constant percentage lines in chord and
span, Thus, based on a preset Criteria when it was predicted
that stall was present at the control point, the entire box
was assumed stalled, thus creating an apparent abrupt stall.
It is believed that this can be corrected by providing for
an arbitrary location of the control points and concentrating
more control points over the surface of the wing where vortex

flows might be expected to occur.

It is believed that with the successful incorporation of
these modifications to the prediction program that the dis-
crepancies noted between predicted and measured pressure dis-
tributions will be minimized and the program can be used with
confidence to predict the effects of attached vortex flows on
the pressure distributions of low aspect ratio swept wings at
high angles of attack.
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VI. CONCLUSIONS AND RECOMMENDATIONS

On the basis of the experimental and theoretical results

obtained in this research program, it is concluded that:

1. The 1lift curve slope in the angle of attack region |
of 5 to 15 degrees can be increased significantly
by inducing leading edge separation by means of a

sharp edge plate along the leading edge.

2. External appendages having two free edges which
generated vortices of opposite sense outside of the
pressure field of the lifting surface were not
effective in enhancing the wing vortex field and
thus the lift at high angles of attack.

3. Planform tailoring in the leading edge region such
that only a single free vortex is formed within the
wing pressure field has the greatest potential of
increasing the lifting capabilities of a wing at
high angles of attack due to favorable interacting

vortex flows.

4. Since the suction fields generated by the enhanced
leading edge vortex fields are ahead of the MAC quar-
ter chord point, the pitching moment about the MAC
qguarter chord point becomes statically unstable.

5. A rather rudimentary lifting surface theory which
includes the interaction effects between potential,
separated, and vortex flows shows promise of pre-

dicting the performance characteristics of low-aspect

ratio swept wings at high angles of attack.

6. Because of the mixed flows over the surface of the
wing at high angles of attack, the lifting surface
theory must be applied to both the upper and lower

wing surfaces.




On the basis of the results obtained during this program,

it is recommended that:

1. The effects of wing vortex flow control devices on
the tailplane and the effects of the tailplane in
relation to the overall performance characteristics

of an aircraft be investigated.

2. The vortex flow field of a complete fullspan wing

body configuration should be measured at high angles
of attack to determine how the body vortex interacts

with the modified wing vortex flow field.

3. Effort continue to further the development of the
analytical procedure by removing some of its
restrictions and by providing more versatility in the

lattice representation over the surface.

4. The theoretical prediction technique should be
expanded to include the body vortex flows so that it
can be utilized to predict the performance character-

istics of a complete aircraft.

5. The refined analysis which incorporates the modifica-
tions of 3 above, should be exercised to develop
planforms which could optimize the use of vortex flow
control to improve maneuverability of modern day

aircraft.

6. The planforms developed in 5 above should be wind
tunnel tested to verify their (improved) performance
characteristics, and to verify the capability of the
analysis in modelling vortex flows over various
planforms.
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TABLE I SUMMARY OF TEST CONFIGURATIONS
S———— E
CONFIGU- PLANFO 2 DESCRIPTION
RATION AREA ft m
3l 16.45 (1.528) fBasic Wing
3A* 17.46 (1.622) [Wing with Root Strake
4A* 17.58 (1.633) |Conf. 3A plus 5% leading edge
snag at the 68% semispan
5A 17.81 (1.655) |Conf. 3A plus strake at 50%
semispan
5B 17,75 (1.649) |Conf. 3A plus strake at 60%
semispan
5C 17.66 (1.641) |Conf. 3A plus strake at 68%
semispan
6 18.29 (1.699) |Conf. 3A plus 5% undeflected
leading edge separator plate
from root strake to tip
7a 18.50 (1.719) |Conf. 5A plus Conf. 6
8AC 18.00 (X.672)eont. SA plus Conf. 5C
9A1l 3813 (1.684) |Conf. 5A with 5% undeflected
leading edge separator plate
from the root strake to the
strake at the 50% semispan
9A2 e e (1.684) |Conf. 5A with 5% undeflected
leading edge separator plate
from the strake at the 50%
;semispan to tip
{
9C1 18.13 (1.684) Conf. S5C with 5% undeflected
|leading edge separator plate
(from the root strake to the
!strake at the 70% semispan
10 L7.05 (1.584)Conf. 1 with 5% undeflected
'leading edge separator from
root strake position to tip
(Conf. 6 with root strake
'removed)
1l 16.80 (1.561)!Conf. 1 with the strake
designed for the 50% semi-
rspan
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TABLE I CONTINUED:

CONFIGU- PLANFORM 2 DESCRIPTION
RATION AREA ft2 m
12 18.27 (1.697) |Conf. 3A plus Conf. 11 plus

5% undeflected leading edge
separator plate from the
root strake to the strake
at the 68% semispan

14 18.29 (1.699) |Conf. 3A plus 5% leading edge
separator plate from the root
strake to tip separator plate
oriented at +10° with respect
to the wing chordline

15 18.05 (1.677) |Conf. 4A plus undeflected
separator plate from root strake :
to the snag at the 69% semispan

L7 17.66 (1.641) |Conf. 5C with the outboard strake
attached inversely in relation to
Conf. 5€

18 18.29 (1.699) [Conf. 3A plus 5% leading edge

separator plate from the root strake
to the tip. Separator plate oriented
at -20° with respect to the wing
chordline

19 18.30 (1.700) |Conf. 3A plus 10% undeflected leading
edge separator plate from the root
strake to the 50% semispan

20 18.73 (1.740) |Conf. 3A plus 15% undeflected leading
edge separator plate from the root

strake to the 50% semispan

* Data for these configurations were obtained in tests conducted
under the effort described in Reference 1. Configuration 3A was

retested as a check case.
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TABLE II GENERAL CLASSIFICATION OF
TEST CONFIGURATIONS
SINGLE | DOUBLE | TRIPLE | SINGLE DOUBLE STRAKE SEIPARATOR
STRAKE | STRAKE | STRAKE | STRAKE STRAKE SNAG PLATE
WITH WITH AND ONLY
SEPARATOR | SEPARATOR| SEPARATOR
PLATE PLATE PLATE
3A 52 8AC 6 7A 15 10
11 5B 14 9A1
5C 18 9A2
107! 19 g€l
20 12

|
|
1
|
l

P




TABLEIII SUMMARY OF DATA OBTAINED
FOR THE TEST CONFIGURATIONS

CONFIGU- | PERFORM- | LEADING EDGE | UPPER TUFT HELIUM BUBBLE
RATION AMCE PRESSURES SURFACE VISUALI- | VISUALIZATION
PRESSURES | ZATION
3A Xk X* XA X X
5C X X X X X
6 X X X X X
9Cl X X X X X
19 X X
20 X X
5A X X
5B X X
7A X X
8AC X X
9A1 X X
9A2 X X
10 X X
11 X
12 X X
14 X X X
15 X X
147 X X
18 X X X X

* Data was obtained during the test program reported in
Reference 2.
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* outboard strakes are geometrically similar
to the root strake shown, with dimensions
based on the local chord.

Dimensions of leading edge separator plates
(not shown) are 5% of local chord.

All dimensions are in inches.

FIGURE 1. MODEL PLANFORM




BASIC PLANFORM (CONF 1)

SINGLE STRAKE (CONF 3A)

FIGURE 2. PLANFORMS OF VARIQCUS TEST CONFIGURATIONS.
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DOUBLE STRAKE (CONF 5A)

TRIPLE STRAKE (CONF 8AC)

SINGLE STRAKE WITH SEPARATOR PLATE (CONF 6)

FIGURE 2. PLANFORMS OF VARIOUS TEST CONFIGURATIONS.
(CONTINUED)
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AT TR, g -

e

DOUBLE STRAKE WITH SEPARATOR PLATE
(CONF 9Al)

e d

STRAKE, SNAG AND SEPARATOR PLATE
(CONF 15)

577

SEPARATOR PLATE (CONF 10)

FIGURE 2. PLANFORMS OF VARIOUS TEST CONFIGURATIONS.
(CONTINUED)
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ROLLING
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FORCES AND MOMENTS ARE POSITIVE DRAG
AS SHOWN
FIGCURE 3. COORDINATE SYSTEM FOR BALANCE

MEASUREMENTS
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FIGURE 4. WIND TUNNEL MODEL INSTALLATION
(CONFIGURATION 7A SHOWN)




LIFT COEFFICIENT, €y

/
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CONFIGURATION 1

. | . l _

5 10
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15 20 25 30

ANGLE OF ATTACK, DEGREES

FIGURE 5. LIFT COEFFICIENT VS ANGLE OF ATTACK.

(CONFIGURATION 1)
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DRAG COEFFICIENT, Cp

0.

CONFIGURATION 1

! | . | :

0 5 10 15 20 25 30 35

ANGLE OF ATTACK, DEGREES

FIGURE 6. DRAG COEFFICIENT VS ANGLE OF ATTACK.
(CONFIGURATION 1)
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-0.05p—
CONFIGURATION 1

PTICHING MOMENT COEFFICIENT, Cpm

= EOF=—

-0.15L— | | | |
5 10 15 20 25 30 35

ANGLE OF ATTACK, DEGREES

FIGURE 7. PITCHING MOMENT COEFFICIENT VS ANGLE OF ATTACK.
(CONFIGURATION 1)
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LIFT COEFFICIENT,

! l

© CONFIGURATION
® CONFIGURATION 1

CONFIGURATION 3A

. |

= =
5 10 15 20 25 30 35
ANGLE OF ATTACK, DEGREES
FIGURE 11. LIFT COEFFICIENT VS ANGLE OF ATTACK.

(CONFIGURATION
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DRAG COEFFICIENT, Cp

@® CONFIGURATION 1
O CONFIGURATION 3A

! L -
5 1is, 15 20 23 30 35
ANGLE OF ATTACK, DEGREES
FIGURE 12. DRAG COEFFICIENT VS ANGLE OF ATTACK.

(CONFIGURATION 3A)

66
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PITCHING MOMENT COEFFICIENT, CMm

-0.10p—

-0.15— |

FIGURE 13.

/ﬂ( @® CONFIGURATION 1
O CONFIGURATION 3A

o
w
w
(s

10 £ 20

ANGLE OF ATTACK, DEGREES

PITCHING MOMENT COEFFICIENT VS ANGLE OF A

(CONFIGURATION 3A)
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LIFT COEFFICIENT, CL
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© CONFIGURATION 3A
& CONFIGURATION 5C

CONFIGURATION 5C
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ANGLE OF ATTACK, DEGREES

FIGURE 17. LIFT COEFFICIENT VS ANGLE OF ATTACK.
(CONFIGURATION 5C)
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DRAG COEFFICIENT, CD
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5 - CONFIGURATION 5C
8
0@ o 6 68 én ! il 1 |
0 5 10 15 20 25 30 35
ANGLE OF ATTACK, DEGREES
FIGURE 18. DRAG COEFFICIENT VS ANGLE OF ATTACK.
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PITCHING MOMENT COEFFICIENT, CM
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S oL e & CONFIGURATION 5C
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CONFIGURATION 5C
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FIGURE 19. PITCHING MOMENT COEFFICIENT VS ANGLE OF ATTACK.

(CONFIGURATION 5C)
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PERCENT SEMISPAN

UPPER SURFACE PRESSURE COEFFICIENT VS SEMISPAN.

FIGURE 28a.
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UPPER SURFACE PRESSURE COEFFICIENT VS SEMISPAN.

FIGURE 29b.
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FIGURE 30. LIFT COEFFICIENT VS ANGLE OF ATTACK.
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PERCENT SEMISPAN

UPPER SURFACE PRESSURE COEFFICIENT VS SEM1SPAN.

FIGURE 33b.
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UPPER SURFACE PRESSURE COEFFICIENT VS SEMISPAN.

FIGURE 35a.
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Configurations 19 and 20

Proposed Configuration

FIGURE 47. EFFECT OF VORTEX INDUCED VELOCITIES
ON ANGLE OF ATTACK

LLY




1.6¢
1.6l WING WITH -~
STRAKE — ; .
(CONF 3A) p
1.0k QUADRILATERAL SUCTION
PLANFORM-———\\//// LIFT
WING (CONF 1) 5>\\\\
1.0 UNDERESTIMATE # ~
(&)
= SUCTION
= 0.8F LIFT
=
=
: a
S 0.6F L POTENTIAL-FLOW
2 CROEiFgLOW + CROSS-FLOW |
s LIFT A
= [ ‘i
0.4F . POTENTIAL-FLOW _%_
' LIFT
0.2k POTENTIAL-FLOW
LIF a
1 _
0 L . 1 ;1; | |
0 5 10 15 7] 25 30 35

ANGLE OF ATTACK, DEGREES

FIGURE 48, COMPARISON OF MEASURED AND PREDICTED LIFT COEFFICIENT VS.
ANGLE OF ATTACK

120




Strake Vortex

FIGURE 49,

Direction of
Free Stream

\
\
\
\
\
|
1
\
|
|
|
|
|
1
1
|
|
1
|
|
|
‘.
|
|
|
|
}
|
1
|
|
|
I
!
|

Leading Edge
Vortex

PLAN VIEW

19.4°

A
U, |— 2

\
\

Strake
\ Vortex
i
\
|
1
|
Burst Vortex \
{
Separated
Region
Leading
Edge
it Vortex
\
|
\
|
|
|
\\\
\
ik
\

—

Tip Vortex

TOP VIEW

PREDICTED VORTEX GEOMETRY, o = 19.4°

L2




POTENTIAL FLOW -~ A R ‘

~
- =

FIGURE 50. TUFT FLOW VISUALIZATION, o = 19.4°

a2




& Theory

5% Chord
AA = 19.4°
CONF 3A

Z/p/
/
i
/
/
/
b ,I
/}
/
/
!
!
!
[
13

0 L i ! ! i i !
0 10 20 30 40 50 60 70 80 90

PERCENT SPAN

FIGURE 5la. COMPARISON OF MEASURED AND PREDICTED SPANWISE PRESSURE DISTRIBUTION
AT 5% CHORD, o = 19.4°

123




- (Cpu—cpy‘)

"~
.

107% Chord
AA = 19.4°
CONF 3A

=S

! 1 1 !

L {
10 20 30 40 50 60 70 80 90
PERCENT SPAN

FIGURE 51b. COMPARISON OF MEASURED AND PREDICTED SPANWISE PRESSURE DISTRIBUTIONS
AT 10% CHORD, « = 19.4°

124




5.0

4.0

150,

& Theory

15% Chord
AKX = 19.4°
CONF 3A

S~
e

| | ;! | -

FIGURE Slc.

| !
40 50 60 70 80 90 !
PERCENT SPAN \

COMPARISON OF MEASURED AND PREDICTED SPANWISE PRESSURE DISTRIBUTIONS

AT 15% CHORD, «

19.4°

1295




5.0
4.0F
_____ o Exp
& Theory
3.0k 20% Chord
AA = 19.4°
CONF 3A
2.0F
B )
1.0}
O . 1 ! | | | | L 4 J
0 10 20 30 40 50 60 70 80

PERCENT SPAN

FIGURE 51d., COMPARISON OF MEASURED AND PREDICTED SPANWISE PRESSURE
DISTRIBUTIONS AT 20% CHORD, « = 19.4°

126

90

|
|
|




S

& Theory
~ 3.0F 40% Chord
P AA = 19.4°
< CONF 3A
2
S
I 2.0}
1.0}
0 ! ! ] N7 1 ! I !
0 10 20 30 40

PERCENT SPAN

FIGURE 51e.

COMPARISON OF MEASURED AND PREDICTED SPANWISE PRESSURE DISTRIBUTIONS
AT 40% CHORD, o = 19.4°




\(27.7°

Direction of X
Free Stream A

Burst Vortex

PLAN VIEW TOP VIEW

FIGURE 52. PREDICTED VORTEX GEOMETRY, o = 27.7°

128




L/ LUVt Ll

I' ’ v
V""i

s B d

umlﬂ"”

4 l ek
< A 1

i | COMPLETE STALL =

-
L d o] - BURST VORTEX
1w
PATH_OF L.E. VORTEX s “","5 - "4 7
T e v v J ,. 5 ~ uh“‘

AR P
" <
PATH OF STRAKE VORTEX

PARTIA

POTENTIAL FLOW

FIGURE 53. TUFT FLOW VISUALIZATION o = 27.7°

123




6.0 \‘ ----- Exp
I —— Theory
|
|
i AA. = 27, 7°
5.0F 1
|
|
\
4.0F 5% Chord
3.0F
2.0
1.0}
0 il L L L 1 | y i .
0 10 20 30 40 50 60 70 80 90 100

PERCENT SPAN

FIGURE 54a, COMPARISON OF MEASURED AND PREDICTED SPANWISE PRESSURE
DISTRIBUTIONS AT 5% CHORD, o = 27.7°

130




5.0k s BXD
—— Theory
BA = 27.7°
4.0F
10% Chord
3.0F
2.0F
1.0F
0 | | £ L i | L L 1
0 10 20 30 40 50 60 70 80 90
PERCENT SPAN

FIGURE 54b,

COMPARISON OF MEASURED AND PREDICTED SPANWISE PRESSURE
DISTRIBUTIONS AT 10% CHORD, a« = 27.7°

131

100




5.0

4.0

15% Chord

0 1 L L L A 1] ! s s -
0 10 20 30 40 50 60 70 80 90 100

PERCENT SPAN
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APPENDIX
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SUMMARY OF WIND
TUNNEL BALANCE DATA
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LIST OF SYMBOLS

(APPENDIX)
AA, angle of attack, degrees
AY yaw angle (not relevant)
E mean aerodynamic chord
C CP chordwise center of pressure, percent of

mean aerodynamic chord

cb, drag coefficient

CEs, lift coefficient

CM, pitching moment coefficient about the MAC ;

CN, drag moment coefficient |
T CRM rolling moment coefficient

€Y side force coefficient (not relevant)
L LD lift-to-drag ratio

Q, dynamic pressure, lb/ft2

RN, Reynolds number

S CP spanwise center of pressure, percent of

span
v wind tunnel test velocity, ft/sec
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APPENDIX A
SUMMARY OF WIND TUNNEL

BALANCE DATA

RUN

CONFIGU-

‘ RUN
NO. RATION NO. | NO.
1 3A ! 14
2 6 | 15
3 5A 16
4 5B 17
5 5C 18
6 7A 29
7 8AC 30
8 9A2 31
9 9al 32
10 9cl 33
11 10 34
12 11 | 35

13 12

CONFIGU-

RATION NO.

17
4A
15
14
18
9C1
5C

20
14
18
19

NO BALANCE DATA WERE TAKEN FOR RUNS 19 THROUGH 28

RUNS 19 THROUGH 23 WERE HELIUM-BUBBLE FLOW STUDIES

RUNS 24 THROUGH 28 WERE TUFT-FLOW STUDIES
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